The atomic force microscope (AFM) is an indispensable tool for manipulating and imaging nanoscale materials. [1] [2] [3] AFM tips have been used to pattern and assemble small objects by pushing and dragging, 4, 5 scanned probe lithography, 6, 7 and by lifting with two coordinated AFM probes. 8 In addition to applications in assembly, manipulating objects with an AFM tip allows new types of imaging by using an attached particle to provide a specific tip-sample interaction. Examples of functionalization-interaction pairs include silica beads to measure colloidal forces, 9 biological cells for measuring cell-cell interactions, 10 metallic nanoparticles for scanning near field optical microscopy, 11 and carbon nanotubes 12 and nanoneedles 13 for high resolution imaging. Single particle manipulation is limited by clustering of many particles and the "sticky finger" problem in which nanoscale particles become irreversibly stuck to surfaces or the AFM probe. 14 An atomic force microscope (AFM) probe that can grab and release particles without the limitations of stiction and clustering would have many applications in manipulation and imaging.
The ability to pick-and-place single nanoscale particles for three-dimensional assembly could enable the construction of interacting quantum systems. 15 A single particle held by the probe would allow selective imaging with a functionalized material, as in optical tweezing, 15, 16 and has great promise for single-molecule force spectroscopy. 3 We recently created coaxial AFM probes that can perform pick-and-place manipulation of microscale objects, and can image with a particle trapped at their tip. 17 Coaxial probes use positive dielectrophoresis (pDEP), the attraction of an induced dipole towards regions of high electric field, which is widely used in nanotechnology, 18 biotechnology, 19 and single particle trapping. 20 A coaxial probe consists of a conducting AFM tip surrounded by a grounded shell that produces a sharp maximum in the electric field E at the tip's end. 17, 21, 22 Drawbacks of this approach are clustering of multiple particles, and stiction of attached particles as they must be held in contact. 14, 23 In this paper, we present triaxial AFM probes and demonstrate non-contact trapping of nanoscale objects via negative dielectrophoresis (nDEP). 24 The tip of a triaxial probe (Figure 1a) shows three electrodes: a conducting core surrounded by an inner and an outer conducting shell, highlighted in Figure 1b . By applying a voltage to the inner shell electrode, the triaxial probe creates an electric field profile E with a zero at a height z T above the end of the probe, as shown by the electrostatic simulation in Figure 1c . Objects that are less polarizable than the fluid medium are trapped in the electric-field zero at z T , which we designate as the nDEP trap. The trap is physically smaller than the triaxial tip, promising for the manipulation of nanoscale particles. We can hold a 100 nm radius polystyrene sphere in a region commensurate with its size using a triaxial probe with tip diameter ~7 µm, much larger than the nanoparticle. By adjusting the voltage on the core electrode (V 1 ) relative to the voltage on the inner shell electrode (V 2 ), the trap can be opened and closed, and the height z T of the trapped particle above the tip can be adjusted, allowing the user to position and assemble particles. Information). [25] [26] [27] In particular, these beads exhibit a crossover frequency f C ≈ 800 kHz such that if f < f C , their surface conductance increases their polarizability sufficiently so that they experience pDEP and are pulled to regions of high electric field. Conversely, if f > f C , they will be repelled from regions of high field with nDEP. An attractive field profile (Figure 2a ) is created by applying 10 V peak-to-peak to the inner shell at a low frequency (f = 100 kHz) while grounding the core and outer shell electrodes. The sequence of images shown in Triaxial probes are well suited to pick-and-place nanoassembly, because the dimensions of the trap are much smaller than the tip 24 , as shown in Figure 1c . A relatively large tip and bead size were chosen for this experiment to allow optical imaging, but much smaller dimensions are possible. The trap's electric field pattern, shown in Figure 1c , is universal; if the scale bar and the tip voltage are scaled down by the same factor, the pattern of the electric field and its amplitude will remain precisely the same. The limit on how tightly an object can be held is determined by dielectric breakdown of the medium. Simulations show that a Si sphere with radius a = 5 nm can be trapped at room temperature by a triaxial tip with radius 300 nm (see Supporting Information). Smaller objects can be trapped by increasing the tip voltage or by reducing the tip radius R. The standard deviation σ in particle position at room temperature scales as σ a 3/2 V rms -1 R 2 where a is the particle radius, V rms is the root mean square voltage, and R is the electrode spacing. In this experiment, we measure σ ≤ 200 nm for a = 100 nm, R = 1.6 µm, and V rms = 5.3 V. By increasing V rms by a factor of 25, the scaling relation predicts that we can achieve a smaller standard deviation σ ≤ 8 nm without risking dielectric breakdown.
A sharper probe with R = 64 nm can trap a smaller nanoparticle with a = 10 nm in a space smaller than its radius, σ < a, for the same tip voltage V rms = 5.3 V.
In this paper, we have shown that a triaxial AFM probe provides a non-contact approach for trapping a single nanoparticle at room temperature. Triaxial probes are strong candidates for pick-and-place assembly of nanoscale objects. Particles much smaller than the end of the triaxial probe can be grabbed out of a suspension using negative dielectrophoresis ( Figure 2 ) and held in a potential well comparable to their size (Figure 3 and Video S1). The trapped particle can then be moved to the desired location (Video S3). The trapped particle can then be placed by pushing it away from the probe end by adjusting the tip voltages (Figure 4 and Video S2), or released into suspension by turning off the trapping field (Video S4). This pick-and-place technique works for particles as small as 5 nm at room temperature, and is promising for the construction of quantum devices. 5 The triaxial probe presented here is compatible with commercial AFMs, and the full capabilities of a triaxial probe will be realized by leveraging nanometer scale positioning and force-measurement afforded by the AFM apparatus. Dielectrophoresis has been used for imaging using conventional AFM probes 29 and with coaxial AFM probes 30 for enhanced spatial resolution. Triaxial probes offer more control of the electric field distribution and new opportunities for imaging. For a system with a nonlinear response, the electric field zero above a triaxial probe can provide high spatial resolution images in analogy with nonlinear optical stimulated emission depletion (STED) microscopy. 31
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Supporting Information Available
Additional information is available on the theory of DEP, measuring velocity of nanoparticles near a triaxial probe ( Figure S1 ), the electrostatic model of a triaxial probe ( Figure S2 and S3), details of triaxial probe fabrication, and a description of the apparatus ( Figure S4 ). Four videos are available that demonstrate the trapping of nanoparticles with triaxial probes, Video S1 depicts the Brownian motion of a 100 nm radius bead in the nDEP trap and Video S2 depicts moving a 460 nm radius bead relative to the tip. Video S3 shows holding a 100 nm radius bead while moving the triaxial probe with the three axis controller. Video S4 depicts beads being released back into suspension by turning off the trapping field. This material is available free of charge via the Internet at http://pubs.acs.org 
